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Vertical stacking of atomically thin layered materials opens new possibilities for the fabrication of
heterostructures with favorable optoelectronic properties. The combination of graphene, hexagonal
boron nitride and semiconducting transition metal dichalcogenides allows fabrication of electrolu-
minescence (EL) devices, compatible with a wide range of substrates. Here, we demonstrate a full
integration of an electroluminescent van der Waals heterostructure in a monolithic optical micro-
cavity made of two high reflectivity dielectric distributed Bragg reflectors (DBRs). Owing to the
presence of graphene and hexagonal boron nitride protecting the WSe2 during the top mirror depo-
sition, we fully preserve the optoelectronic behaviour of the device. Two bright cavity modes appear
in the EL spectrum featuring Q-factors of 250 and 580 respectively: the first is attributed directly to
the monolayer area, while the second is ascribed to the portion of emission guided outside the WSe2
island. By embedding the EL device inside the microcavity structure, a significant modification of
the directionality of the emitted light is achieved, with the peak intensity increasing by nearly two
orders of magnitude at the angle of the maximum emission compared with the same EL device with-
out the top DBR. Furthermore, the coupling of the WSe2 EL to the cavity mode with a dispersion
allows a tuning of the peak emission wavelength exceeding 35 nm (80 meV) by varying the angle at
which the EL is observed from the microcavity. This work provides a route for the development of
compact vertical-cavity surface-emitting devices based on van der Waals heterostructures.
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2I. INTRODUCTION
The fabrication of heterostructures made of atomically thin layers of two-dimensional (2D) materials enables the
development of novel optoelectronic devices with a wide range of properties dependent on the combinations of the
layers in the stack1–3. Such layers are held in place by van der Waals forces which allow a variety of 2D materials
with different lattice constants and crystal axes orientations to be combined ad hoc3. Semiconducting transition
metal dichalcogenide (TMD) monolayers play a fundamental role in such devices, owing to their attractive optical
properties4–6. TMDs experience an indirect-to-direct band-gap transition as the material is thinned to a monolayer7,
and exhibit excitons stable at room temperature8,9, with high binding energies and large oscillator strengths10. These
properties have been already utilized in electroluminescence (EL) devices11–15, most commonly employing a design
based on atomically thin layers of TMDs as the light emitting material, clad by insulating hexagonal boron nitride
and graphene electrodes11,12.
The optical properties of an electroluminescent device can be additionally tailored by inserting the structures
in an optical microcavity, thus strongly modifying the spectral and directional properties of its emission as well
as the optical gain16. This approach is widely used in opto-electronics, and is fundamental for compact vertical
cavity surface emitting lasers (VCSELs), where an active medium, an electrically pumped semiconductor quantum
well, is placed between two high reflectivity mirrors17,18. A narrow spectral linewidth and a high degree of angular
directionality of an electroluminescent microcavity are also important for telecommunications applications19. So far
the coupling of TMD monolayers to optical cavities of various designs has been exploited to study photoluminescence
(PL) enhancement and the Purcell effect20–22, to obtain lasing23–26, and to reach the regime of the strong light-
matter interaction27–31. A first demonstration of a TMD monolayer-based electroluminescent device coupled to
an optical resonator was shown by employing a mechanically transferred L3 photonic crystal cavity (PC) made of
GaP ontop of a graphene/hBN/WSe2/hBN/graphene LED. A Q-factor below 100 and a 4-times increase of EL
peak intensity compared to the same uncoupled device have been reported for this structure32. Very recently an
electroluminescent planar microcavity made of a stack of several WS2 layers sandwiched between a distributed Bragg
reflector (DBR) and a silver mirror has been reported, showing evidences of strong light-matter coupling at room
temperature. Nevertheless, due to the strong optical dissipation of the metal mirror, a bare cavity mode linewidth of
24 meV has been measured leading to a relatively low Q value of about 8033.
Here, we demonstrate a novel electroluminescent microcavity device embedding a van der Waals heterostructure
of the form hBN/graphene/hBN/WSe2/hBN/graphene between two high reflectivity dielectric DBRs. In order to
show the full functionality of the devices, we directly compare the EL behaviour of the heterostructures placed on a
DBR (a ’half-cavity’ configuration), with those enclosed in the full monolithic cavity, with the top mirror deposited
after fabrication of the EL device (a ’full-cavity’ configuration). No degradation of the optical or electrical properties
after the deposition of the top DBR has been observed, which we explain by the protective role of the graphene and
hBN layers. We show that EL excites several microcavity modes arising from to the finite (and relatively small)
3dimensions of the heterostructure. The two main modes are attributed respectively to areas within the monolayer
edges and to the portion of emission guided outside the WSe2 island. Owing to the use of lossless dielectric mirrors,
the latter showed a narrow linewidth of 1.3 nm, resulting in a remarkably high Q factor of 580. The cavity mode
directly ascribed to the monolayer emitting region is also about one order of magnitude narrower than the bare WSe2
EL emission spectrum, featuring a Q-factor of about 250, higher than the previously reported electroluminescent
microcavity devices employing TMDs. We show strong changes in the angular distribution of the light emitted by the
monolithic cavity resulting in a highly directional EL. We observe an EL peak intensity enhancement of about two
orders of magnitude at the angle of the maximum emission compared with the devices in the half-cavity configuration.
The microcavity EL peak can be tuned by up to 35 nm (or for 80 meV from 1.65 eV to 1.73 eV) by changing the
angle of collection of the emitted light. By varying the operation temperature of the device, the angle at which
the maximum intensity is observed can also be tuned. This work shows that the fabrication of monolithic cavities
comprising atomically thin van der Waals electroluminescent structures is feasible, opening new avenues for studies
of light-matter interaction in 2D materials under electrical excitation and for the development of novel TMD-based
optoelectronic devices.
II. RESULTS AND DISCUSSION
We use Gr/hBN/TMD/hBN/Gr heterostructures for our EL devices (Gr denotes single-layer graphene). Each
device is assembled on a thin hBN layer placed on the bottom DBR. Graphene layers are used as highly transparent
electrodes, which allow electric carrier injection through the hBN tunnel barriers. WSe2 monolayer is the light-emitting
material forming a quantum-well-like structure between the hBN barriers. A schematic of the heterostructure is shown
in Fig.1(a). The band-structure of the device in Fig.1(b) is shown for zero bias between the graphene contacts (left)
and at the EL onset voltage (right). As the bias voltage is increased, the Dirac points of the graphene contacts
shift towards the band-edges of the WSe2 monolayer. At a voltage where the quasi-Fermi level from one graphene
contact exceeds the minimum of the conduction band of the TMD, electron injection into the active region occurs.
By increasing the bias further, the quasi-Fermi level of the second graphene contact shifts below the maximum of the
valence band which leads to hole injection. The electrons and holes tunneling through the top and bottom barriers,
respectively, form excitons in the WSe2 film that recombine and give rise to photon emission
11,12. In the devices
investigated in our work, the EL onset is usually observed at the bias Vb ≈2.2 V12. An optical image of the device
before deposition of the top dielectric mirror is shown in Fig.1(c). The dashed lines highlight the area where EL is
observed, corresponding to the position where all individual atomically thin layers constituting the heterostructure
overlap.
We measure the same EL devices in half- and full-cavity configurations, by firstly characterizing the structures
placed on a planar DBR before the top DBR is deposited using an electron beam evaporation technique. The
schematic of the EL device, embedded in the microcavity is shown at the top of Fig.1(d). The light-emitting device is
4FIG. 1. WSe2 EL devices embedded in monolithic microcavities. (a) Schematic diagram of the heterostructure
constituting the EL device. (b) Electronic bandstructure of the EL device at zero bias voltage (left) and at the bias corresponding
to the EL onset (right). (c) Optical image of the EL device prior to deposition of the top DBR. The area in which EL is observed
(purple) is marked with the dashed line. All constituting layers of the van der Waals structure are labeled. (d) The top panel
shows a schematic of the monolithic microcavity with an EL device embedded between the two DBRs. The lower panels show
a bright field scanning transmission electron microscopy (BF STEM) image and a scanning electron microscopy (SEM) image
of the cross-section one of the monolithic microcavity EL devices used in this study. Alternating dielectrics in the DBRs are
visible as well as the layer distortions due to the gold contacts. The position of the EL device is marked by the red line. Scale
bars correspond to 1 µm. (e) High resolution images of the EL device, measured at the same position. From top to bottom:
STEM BF; STEM high angle annular dark field (HAADF); electron energy loss spectroscopy (EELS) chemical map highlighting
positions of nitrogen and selenium atoms. Scale bars correspond to 2 nm. (f) Schematic of the optical set-up used for the
angle-resolved measurements (see text for details). (g) I-V plot before (black lines) and after (red lines) the DBR deposition
showing absence of degradation of the EL device.
transferred onto a dielectric mirror, a DBR consisting of 10 pairs of quarter-wavelength Nb2O5/SiO2 layers designed
for a central wavelength of 750 nm. We used Nb2O5 and SiO2 layers with thicknesses of 127 and 95 nm and refractive
indexes of 1.45 and 2.09, respectively. The mirror, grown on silica at 120 ◦C using an ion-assisted electron beam
deposition, has a high reflectivity of more than 99% at this wavelength and also provides a broad stop-band of 200
nm (see Supporting Information). An identical DBR with an inverse structure (SiO2/Nb2O5) was fabricated on top
of the EL device. However, it was made at a lower temperature of 60 ◦C and without ion-assisted deposition for the
5first 20 nm. The resultant λ/2 microcavity has the EL device situated in the center at the electric field antinode.
Cross-sectional bright field scanning transmission electron microscopy (BF STEM) and scanning electron microscopy
(SEM) images obtained on one of the devices embedded in the microcavity are shown in the bottom part of Fig.1(d).
The alternating layers of Nb2O5 and SiO2 are clearly visible. It is also observed that the thickness of the gold contacts
at the sides of the device is comparable with those of the λ/4 layers, which leads to distortion of the DBR stack at
the device edges (see Supporting Information for more detailed images). The position of the EL device is marked
with the red line in Fig.1(d). Fig.1(e) displays high magnification cross-sectional STEM images (in Bright Field, BF,
and in High Angle Annular Dark Field, HAADF) clearly showing the WSe2 monolayer encapsulated in few layers of
hBN. The WSe2 is the dark (bright) layer in the BF (HAADF) image. The chemical map obtained using the electron
energy loss spectroscopy (EELS) shown in Fig.1(e) confirms that the WSe2 monolayer is enclosed in hBN. Principal
component analysis was used to improve the signal to noise ratio in the spectra comprising the EELS map. Further
images and maps are given in the Supporting Information.
The half-cavity devices were measured in a micro-electroluminescence (micro-EL) set-up where light is collected
through a lens having numerical aperture, NA, of 0.55. A schematic of another optical set-up, used for the angle-
resolved measurements on the full-cavity devices, is shown in Fig.1(f). The EL device is placed in a liquid-helium
flow cryostat that allows experiments at temperatures from 10 to 300 K. A goniometer is used to rotate the signal
collection path of the set-up in order to measure light emitted by, or transmitted through, the sample at different
angles θ, ranging from 0◦ to ±30◦. In this configuration it is possible to carry out micro-transmission measurements
where the excitation with white light is focused on the sample through a microscope objective from one side of the
sample, and the signal is measured from the other side with a required angular resolution. We also use this set-up to
measure EL with high angular resolution. In the measurements presented below we detect light through an aperture
corresponding to a 1.4 degree span, and therefore resulting in NA=0.0125. Transmission measurements using white
light also allow characterization of the microcavity in areas away from the EL device.
As demonstrated in Fig.1(g) (right panel), where the current through the device versus the applied bias is plotted,
the electrical functionality of the device is very similar in the full- and half-cavity configurations, owing to the protective
layers of graphene and hBN, which most likely prevented the damage of WSe2 during the top DBR deposition. Fig.2(a)
shows normalized EL spectra at temperature of 200K in both mirror configurations together with the transmission
spectrum of the cavity measured outside the heterostructure. In the half-cavity device (blue line), the EL spectrum
consists of two broad peaks corresponding to the neutral exciton X0 (1.68 eV) and trion X− (1.64 eV)12,34. EL
spectrum for the full cavity measured at 6◦ to normal incidence shows a more complex pattern (purple line). The
dominant feature is a pronounced narrow peak at 1.658 meV labeled M1. This peak coincides with the microcavity
mode measured in white light transmission (red line) through the cavity outside the heterostructure. Additional
features are observed in the EL spectrum at lower energies of around 1.638 and 1.62 meV which can be assigned
respectively to another cavity mode and a photonic defect (M2 and PD), as demonstrated in the following section.
6FIG. 2. Optical properties of EL devices. (a) Normalized EL spectra measured at T =200K for the current I=3µA before
(blue) and after (purple) deposition of the top DBR. The EL in the full-cavity is measured for θ = 6◦. A transmission spectrum
of the microcavity measured outside the heterostructure at T=200K at 6◦ is shown in red. X0 and X− mark the peaks of the
neutral exciton and trion in the half-cavity EL spectrum, respectively. M1 and M2 denote the cavity modes excited off and
on the EL device, respectively (see text). PD is the broad feature corresponding to the photonic defects formed by the DBR
distortions around the contacts. (b) Contour plot showing the angle-dependence of EL measured for T=200K and I=3µA in a
full-cavity structure. (c) Angle-dependent transmission spectra of the full-cavity structure measured outside the area of the EL
device. (d) The peak positions of the main features observed in (a) and (b) can be fitted by two parabolas, corresponding to
the dispersions of the cavity modes M1 (squares) and M2 (circles). No dependence of the peak energy on the angle is observed
for the PD feature (triangles).
In order to confirm the origin of the spectral features of the full-cavity device we carried out angle-dependent EL
measurements shown in Fig.2(b). The dispersions of M1, from 1.65 eV to 1.73 eV, and M2, from 1.64 eV to 1.71 eV,
are clearly visible in Fig.2(b) where the collection angle θ is increased from 0◦ to 30◦. The peak positions of M1, M2
and PD peaks are plotted in Fig.2(d). Both M1 and M2, follow the expected parabolic dispersion typical for a planar
microcavity35.
We explain the occurrence of the two pronounced parabolic modes by the local change of the optical cavity length
at the position of the EL device, leading to formation of M2. The perfect match of the M1 peak dispersion with the
cavity mode dispersion outside the device measured in transmission (Fig.2(c)), reveals the origin of this mode, which
7is excited because of a so-called ’walk-off’ of the light emitted from the WSe2. This is common in microcavities if the
mirrors are not perfectly parallel35 or in the presence of scattering, which in this case is probably occurring at the
flake edges and at the gold contacts. The thickness of the EL device in our case is ≈6.5 nm. The observed energy
separation between M1 and M2 of 16 meV can be accounted for by the change in the cavity thickness if we assume
an effective refractive index of 2.2 for the EL device, a reasonable average value between those of hBN and WSe2.
The linewidth of the principal cavity mode M1, measured both in transmission and in EL, is 1.3 nm, corresponding
to a high Q-factor of 580. M2 is slightly broader than M1 showing a Q-factor of ≈250 when measured at 6◦. This
broadening is likely to be related to the presence of graphene and WSe2 itself, whose absorption affects the Q-factor of
the cavity37. The fact that M1 is excited outside the device is beneficial for its Q-factor, since it avoids the absorption
losses due to the graphene electrodes and WSe2. Note that for large θ, the parabolic dispersions shown in Fig.2(b-d)
for M1 and M2 are steeper, and therefore a larger energy range is measured within the same angular span of 1.4
degrees. This explains the broadening of the dispersive cavity modes at larger collection angles.
The angle-resolved measurements in Fig.2(b) also reveal that the PD peak position does not depend on the angle.
This ’photonic defect’ cavity mode possibly occurs due to the cavity distortions around the contacts observed in
Fig.1(d), which forms ’zero-dimensional’ modes exhibiting no dispersion35,36. Photonic defects in the microcavity,
present due to the discontinuity of DBR growth around the gold contacts, should result in quantized modes due to
the strong lateral confinement. This is indeed observed in Fig. 2(d), where the confined PD mode is observed for
collection angles up to 15 degrees and shows no dependence of its position on the angle of observation. The angular
spread of the mode corresponds to a dimension in the momentum space which is obtained by the projection of the
wave vector k = 2piλ sinθ, where λ is the wavelength of the mode and θ is the angle to which the cavity mode extends
to. The Fourier transformation of the momentum space allows us to estimate a physical dimension of about 1.8µm
for the photonic defect which is of the order of magnitude of the lateral size of the gold contacts near the EL device.
From the comparison of the dispersions in Fig.2 with the half-cavity EL spectrum we conclude that for θ = 0◦ both
M1 and M2 have energies lower than that for X0. The resonance condition between the cavity mode and the exciton
or trion luminescence defines the angle at which the maximum intensity is reached in the microcavity. This resonant
condition can be modified by changing the device temperature. As shown in Fig.3(a) for the half-cavity device, EL
red-shifts with increasing temperature following the decrease of the WSe2 band-gap. At low T , two distinct EL peaks
are observed corresponding to X0 and X− at high and low energies, respectively. Above 150 K, the X− peak is only
observed as a shoulder while the intensity of X0 gradually increases in agreement with previous reports for WSe2
12.
The angle- and temperature-dependence of the EL in the full-cavity device is shown in Fig.3(b). For each reported
temperature, the EL is measured as a function of the angle. Then the integrated EL intensity is calculated for each
angle and is normalized by the maximum integrated EL value in the given angle scan. A horizontal slice of the
normalized EL data in Fig.3(b) corresponds to a full angle scan at a given temperature. The strongest EL is observed
at the angle where the M1 mode is in resonance with the EL maxima of WSe2. At low T where both X
0 and X−
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FIG. 3. EL intensity as a function of the detection angle and temperature. (a) The temperature dependence of
the EL in the half-cavity configuration. A red-shift of the exciton energy and a large increase of intensity with increasing
temperature is observed. All spectra are measured for the current 3µA passed through the device. (b) The angle dependence
of the integrated EL intensity in a full-cavity configuration measured for different temperatures. The integrated EL intensity
in each angle-dependence for a given temperature is normalized (see text).
peaks are strong, the enhancement of M1 intensity is observed in a broad angular range 15-25 degrees. The range
where enhanced EL is observed narrows around 150 K, where the EL maximum of WSe2 corresponding to X
− is
reduced in intensity, while the X0 peak still remains relatively narrow. As both X0 and X− become much broader
for T > 250K, the angular range with high cavity EL intensity increases again. Moreover, the angle where the cavity
EL maximum is observed gradually moves to smaller values as the temperature is increased: at room temperature
the integrated EL intensity reaches the maximum at around 13◦.
The micro-PL set-up used to characterize the half-cavity devices has a large NA of 0.55, and as a result its collection
efficiency is ≈1900 times higher compared to the angle-resolved set-up, as follows from the ratio of NA2 for each set-up.
Fig.4 shows a comparison of the EL spectrum measured in a half-cavity configuration normalized by the collection
efficiency factor (solid red line) with the peak intensities of modes M1 (squares) and M2 (circles) as they scanned
through the emission angle, being in resonance with the X0 peak at around 15
◦ and 18◦, respectively.
Taking into account that the cavity mode EL is collected through a low NA lens, then the results of Fig.4 show
an enhancement of ≈100 and ≈35 of M1 and M2 EL, respectively, compared to the half-cavity EL. This observation
constitutes a very significant narrowing of the angular width of the emission pattern in the full-cavity device as shown
in Figs.3 and 4 compared with the EL device placed on a DBR.
The weaker emission of M2 mode may occur because of the additional re-absorption that light in the M2 mode
9FIG. 4. Peak EL intensity in half- and full-cavity devices. EL spectrum measured for a half-cavity device at 200 K for
I=3µA is shown in red, normalized by the collection efficiency factor calculated for the employed optical setups. The resulting
signal intensity is multiplied by 100. Peak intensities for M1 and M2 mode spectra measured at different angles are shown with
squares and circles, respectively.
experiences due to the resonance with the exciton transition in the TMD. On the other hand, EL of the M1 mode
occurring due to the ’walk-off’ of the emitted light outside the area of the device does not suffer from such re-absorption
processes. The shapes of the resonances for the two modes are also quite different, reflecting the additional suppression
of the M2 mode in resonance with the exciton transition due to re-absorption and thus non-radiative losses due to
the relatively low quantum efficiency of WSe2. Such re-absorption processes are expected to be weak for the mode in
resonance with X−, which has lower oscillator strength28.
III. CONCLUSION
In summary, we show for the first time an electroluminescent monolithic cavity based on a light emitting van
der Waals heterostructure made from atomically thin materials. We find that the performance of the device is fully
preserved after the top DBR deposition. The light emitted from WSe2 is coupled into two narrow cavity modes arising
from areas of the cavity containing the WSe2 device and outside it, as well as to additional localized modes stemming
from the photonic defects present in the structure. The bright cavity modes show very narrow linewidths leading to
Q-factors of 580 and 250 respectively. The cavity also provides an increased EL directionality for the device, showing
a peak intensity enhancement between 35 and 100 times at the angle of the maximum emission. We show that the
EL re-absorption in the device may cause reduced intensity of emitted light, which could possibly be overcome by
10
improving the quantum efficiency in WSe2. The cavity EL can be spectrally and angularly tuned by changing the
angle of collection of light or the operating temperature, respectively, which are additional degrees of freedom for
the device tunability. Further improvements in fabrication, for example through using larger area materials, could
improve the quality of the cavity mode. Future developments should see incorporation of several vertically stacked
TMD monolayers separated by thin hBN layers, which should allow TMD-based vertical-cavity surface-emitting lasers
(VCSELs) and electrically driven polariton devices.
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IV. SUPPORTING INFORMATION
MICROCAVITY DESIGN
FIG. 5. Numerical simulations of the cavity reflectivity. Transfer-matrix simulations have been used in order to design
the microcavity structure, where 10 pairs of SiO2/Nb2O5 have been used for the distributed Bragg reflectors (DBR) and an
additional half-lambda SiO2 layer serves as a microcavity. We used Nb2O5 and SiO2 layers with thicknesses of 127 and 95 nm
and refractive indexes of 1.45 and 2.09, respectively. (a) Reflectivity of a full-cavity device. The simulations show a cavity
mode at 750 nm and a stop-band of 200 nm wide, for which a reflectivity of more than 99% is calculated. (b) Zoom-in around
the cavity mode wavelength. The simulated Q-factor of the microcavity is 1100, which is higher than the 580 observed in the
main text due to fabrication imperfections.
12
HAADF AND EDXS OF THE GOLD CONTACT
FIG. 6. HAADF and EDXS STEM High Angle Annular Dark Field (HAADF) image of the mirror pairs surrounding
one gold contact. A map of chemical composition acquired by Energy Dispersive X-ray Spectroscopy (EDXS) is shown on the
right. SiO2 and Nb2O5 mirror pairs, shown blue and green respectively, surround the gold contact, yellow, and cavity, shown
in black. Scale bar 500 nm.
EELS MAP OF THE HETEROSTRUCTURE
FIG. 7. EELS of the heterostructure Electron energy loss spectroscopy (EELS) mapping of hBN encapsulated WSe2
monolayer for different elements.
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EFFECT OF THERMAL CYCLES ON THE STABILITY OF THE DEVICE
FIG. 8. Stability test on the EL device EL spectra of the monolithic cavity device recorded during the first (blue line)
and second (red line) thermal cycles for the same experimental conditions (Temperature: 200K, Voltage: 3V, Angle: 6◦). We
found that the main source of degradation in our measurements, although still relatively weak, was the effect of thermal cycling.
Indeed, the EL intensity decreased by a factor of about 0.7 in the end of the second thermal cycle. A slight emission red shift
of a few nanometres has also occurred (which could be caused by a slightly different temperature of the device).
14
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